Depositing energy in the air affords the ability to distinctly sculpt/shape its density, which in turn affords revolutionary flow-control methods that will change how we fly. Some example physical mechanisms, involved in certain facets of this technology and effects, are described here, in order to help facilitate this technique's implementation and further development.
I. Introduction
E will describe a number of the fundamental physical mechanisms underlying the various phenomena involved in depositing energy to achieve the dramatic advances they afford in high-speed flow-control. This paper is complemented by a separate paper dedicated to applications, in order to motivate the details presented here.
Big Picture
Our approach to revolutionizing high speed flight and flow control is best understood through applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] some of which are addressed in a separate presentation at this forum (Energy Deposition I). The main idea is that we preferentially move air to optimize how it interacts in the application in question. In a nutshell, if we deposit energy, effectively instantaneously ("impulsively") at a point, a spherical shockwave will result, pushing open a low-density sphere, within which only 1-2% of the ambient air density remains behind. If we impulsively deposit energy along a line, then this same expansion takes place to open a low-density cylinder, containing ~1-2% of the ambient air density. The volume we wind up "opening" is directly proportional to the energy we deposit, and directly proportional to the ambient air pressure, therefore requiring less energy to open a given low-density volume at high altitudes (where hypersonic flight typically takes place) than at low-altitudes. The benefits of flying through 1-2% of the ambient density vs. flying through ambient density are many, including: strong drag-reduction; enhanced stability; greatly-reduced energy use; no sonic boom; reduced stagnation temperature and pressure; reduced noise; re-pressurization of the base (eliminating base-drag and strongly enhancing the propulsive effectiveness of the propulsion system); reduced emissions; and a dramatic increase in flight envelopes at every altitude.
Blast Dynamics Resulting from Rapid Energy Deposition in Air
The primary effect we take advantage of when developing new applications is our ability to impulsively add energy into the air and sculpt its density. Over the decades, the evolution of large amounts of energy concentrated along point and line sources have been thoroughly characterized [20] [21] [22] [23] [24] . In his meticulous computational study, Plooster provides his data in dimensionless units for an infinite line source of instantaneously deposited energy ( Figure 1 through Figure 3 ). In all of his graphs, the energy is deposited at r=0, and the distance from this origin (in 1-D cylindrical coordinates) is described using the dimensionless radius . In each graph,  is plotted along the abscissa, and represents the ratio of the true distance r to a characteristic radius R o =(E o /bp o ) ½ , where E o is the energy deposited per unit length, p o is the pressure ahead of the shock,  = 1.4 and b is taken to be 3.94. Several plots are drawn on each graph, with numbers above each individual line. These numbers represent the dimensionless time , which is the ratio of the real time t to a characteristic time t o =R o /a o , where a o is the speed of sound in the ambient atmosphere ahead of the shockwave. All of the fluid parameters are plotted with respect to the fluid parameters in the ambient atmosphere ahead of the cylindrical shockwave, including the pressure (p/p o ) in Figure 1 , radial velocity (u/a o ) in Figure 2 , and density ( o ) in Figure 3 . 1 Vice President of Reserach, kremeyer@physics-math.com, AIAA Associate Fellow W Additional utility of these results comes from the fact that Plooster verified them for a variety of initial conditions (e.g. slight variations on an ideal line source). The long-term dynamics (of interest to us) are basically identical for initial conditions, ranging from ideal line-sources, to more diffuse sources, such as a finite extent of the deposited energy, including multiple line sources. The results are assumed to be sufficiently robust to further encompass any method we can conceive to deposit energy along an extended region ahead of the shockwave we would like to mitigate/control. As the cylindrical shockwave propagates radially outward, Figure 2 shows the expanding shockwave turning sonic at roughly =0.147. This corresponds roughly to the time that the expanding cylinder relaxes from a blast wave pushing open the low-density tube to a sonic wave, developing a characteristic compression and rarefaction, which begins to become apparent in the pressure traces of Figure 1 at approximately  = 0.2. As a result, it is at roughly this same time that the low density tube stops expanding rapidly and remains roughly stationary from approximately  = 0.14 to well beyond  = 6.0. Figure 3 shows that the very low density core remains effectively stationary and unchanged from radius  =0 to approximately =0.5, as the sonic shock wave continues to propagate radially outward. The beauty and utility of this long, low-density cylindrical core is that it persists for a very long time, and can be used as a low-density channel, through which a vehicle (and/or the high-pressure air being pushed forward by that vehicle, and/or a build-up of high-pressure gas that must be relieved) can pass with effectively no resistance. The parameters and scales from Plooster's results were used to estimate the energy required to open various radii of low-density tubes in order to perform a parametric study to characterize the effect of the low density tubes on a body in flight. In particular, the simulations are intended to show the compelling advantage in shock-mitigation and drag-reduction when suddenly depositing heat along a streamline (in this case, along the stagnation line) ahead of the bow shock generated by a supersonic/hypersonic cone 18 . The sustained benefit, demonstrated in the linedeposition geometry, results in extended periods of shock-mitigation/drag-reduction, without continual energy addition. This allows the impulsive energy-deposition mechanism to be repeated in the form of successive pulses. Once the energy is quickly/impulsively deposited, the air expands, as described above, to open the low-density "tube". The two mechanisms that work to erode this idealized, stationary low-density tube (as well as spheres or any other shapes, formed by the expansion of deposited energy) are: i) thermal buoyancy; and ii) thermal diffusion. In practice, both interfacial and volume fluid instabilities also arise, as these two mechanisms act on the inhomogeneous density distribution:
Thermal Buoyancy
Similar to a hot-air balloon (with no balloon), thermal buoyancy is driven by the buoyancy of the hot, lower density gas inside the "tube" or "bubble". Neglecting viscosity, instabilities, other dissipative forces, as well as a very low terminal velocity for objects as light as air, the highest upward acceleration that the low-density gas can experience is that of gravity (at 9.8 m/s 2 ). For the length-scales, in which we are generally interested, 1cm can be considered to be a small, yet significant motion for the low-density gas. At the unrealistic upper bound of full gravitational acceleration, the gas would move 1cm in roughly .05 seconds, which is generally much faster than thermal diffusion would significantly act on a sizeable low-density feature, on the order of cm's or larger. To account for the many assumptions, which make our upper bound too fast, we assume that a significant low-density feature will remain viable for at least 0.1 seconds. During this time, even a Mach 0.9 vehicle will travel roughly 30m, which provides ample time for any vehicle of interest to finish its interaction with any low-density structure we intend to create.
Thermal Diffusion
For reasonably-sized low-density features (e.g. features of several cm in size and larger), the timescales over which these features will be dissipated by thermal diffusion are much longer than those approximated above for thermal buoyancy. Thermal diffusion basically results from the flow of thermal energy along a temperature gradient to ultimately reach thermal equilibrium (i.e. heat being conducted from hot gas to neighboring cold gas). As can be seen from Figure 3 , the interface of the "tube" has a very strong density gradient, which corresponds to a very strong temperature gradient. This results in thermal diffusion at the interface of the low-density "tube". Since this effect takes place at the surface and acts over small length scales, it is most significant for extremely small features, such as very small diameter spheres or very small diameter "tubes".
The primary instance, in which small low-density features play a significant role, occurs when the energy deposited in the air by a laser pulse creates a very small diameter low-density tube, as a precursor to guiding/triggering an electric discharge. In this case, the diameter of the low-density tube can be on the order of tens to hundreds of microns, or greater, depending on the pulse parameters. In such instances, we imaged the "tube" dynamics, and assessed their longevity to be between 100 s to 1ms (Figure 4) , and used additional diagnostics to corroborate these timescales. Figure 4 . An example of a very small diameter low-density "tube" is pictured here, depicting its dissolution, due to thermal diffusion and fluid instabilities 15 . We have imaged much larger tubes and more complex geometries in our laboratory, using one or more (e.g. multiple line segments) ionized laser paths conducting strong electric discharges.
The primary role played by such very small low-density "tubes", formed by intense laser pulses, is to help guide and trigger electric discharges, which can deposit significantly more energy along the path 25 . These discharges form along the small precursor channel at a speed, on the order of 10 6 m/s or faster, resulting in the "tube" lifetime being easily sufficient to propagate an electric discharge for tens of meters.
One additional concern that may be raised, regarding the ionized path and small "tube" created by the laser, is the influence of turbulence. In practice, this has been shown to not be of great concern for several reasons: i) to propagate the laser pulse requires tens of nanoseconds; ii) the filaments and focused pulses have been demonstrated to survive propagation through, not only turbulence, but also through complicated high-speed shocked/turbulent flows (an example of which is described in more detail in our section on aerodynamic windows); iii) development of the anticipated electric discharges requires microseconds. For these time-scales and dynamics that are fundamental to forming larger, operationally useful "tubes" using electric discharges, turbulence does not present a significant impediment, due to the much slower timescales over which it evolves.
II. Energy Estimates: General
The standard feature, which we will use to discuss the aerodynamic benefit is the low-density core, which Plooster showed to extend to approximately =0.5 ( Figure 3 ). If we would like the radius of this core to be some value, we can calculate the necessary energy deposition per length (E o ) using the definition of =r/R o , where
½ and p o is the ambient air pressure (the constant 5.34 is derived using a value for , which differs slightly from 1.4, to account for water vapor, and can be calculated for dry air, as well). This gives us the energy per length necessary to create a low-density core of radius r. First we rearrange to get E o =5.34*p o* R o 2 . Then, expressing R o in terms  and r, we obtain: E o =5.34*p o *(r/) 2 . The main value of , about which we care, is =0.5, because this is the approximate dimensionless width of the low-density core. A primary dimension, which provides us with physical information, is the actual radius r of the low-density core we would like to create. As can be expected, the energy per length required to create a given low-density core is proportional to the square of its radius (i.e. proportional to its cross-sectional area) E o =21.5*p o *(r) 2 . When accounting for an extra factor of ½ (squared), corrected by an erratum from Plooster 22 , the equation to calculate the actual energy/length is
To obtain the total energy required, we must simply multiply E o by the length of the heated path. This length is one of the system parameters to be optimized in the testing phase, and it also plays a role in determining the pulse repetition rate (which must also be optimized). However, we will choose some nominal values here, in order to discuss ranges of pulse energy and average power, allowing us to determine some nominal gas-heating requirements.
One approach of heating the gas ahead of a vehicle is to prevent "breaks" in the hot path by creating each new low-density "core", so that its front is butted up against the preceding core's back. However, a way to save on power and total energy deposition is to leave a break of unheated air between the successive individual cores. This will allow us to exploit some of the time required for the bow shock to actually re-form ahead of the vehicle. As the vehicle's bow shock is re-forming, the next heated core will serve to dissipate it again. The actual distance to reform an effectively impeding shock, after the vehicle comes out of a low-density core, depends on the vehicle shape, angle of attack, and flight parameters, but whatever this length, we can accommodate it by tailoring the energydeposition length and repetition rate. As an example, if we tailor these values to ensure that we create a tube, whose length is the same as the distance required to build up a new bow shock, we can halve the power requirement of energy deposition (since we will have a 1:1 ratio of unheated:heated gas along the stagnation line). Bruno et al. 26 have demonstrated a similar phenomenon when using spot-heating ahead of a vehicle. In practice, the optimal ratio of the hot-core length to the unheated length will be determined with wind tunnel tests and more detailed simulations. Our primary motivation for very carefully testing this parameter to best exploit it, is that it appears to require a particularly long time to "re-form" a shock after a vehicle exits the preceding low-density "tube". In the cited notional case above (which is consistent with the simulations we have performed), such an approach could save 50% of the energy we deposit, enabling us to double the present efficiency (by halving the energy input to yield the same benefits). 16 The reason for discussing the above method(s) to heat an extended path of air is for its applicability to the control/mitigation of a shockwave. We will begin by looking at time resolved studies of point-heating in front of a shockwave, then summarize the experiments we have performed to date with regions of extended heating. The beautiful time-resolved windtunnel studies of Adelgren et al. 27 ( Figure 5 and Figure 6 ) allowed the observation of energy-deposition effects on a spherical model's bow shock at Mach 3.45. The region of laser heating is approximately a point source, however, it is somewhat elongated along the direction of pulse propagation and occurs transverse to the tunnel's air-flow (the beam enters from the side of the tunnel). The resultant heating can effectively be approximated as a point source, whose evolution as an expanding spherical shockwave has been extensively treated (Sachdev 23 , Lutzky et al. 24 ). The main signature of this expansion is the spherical blast wave driving a high density/high pressure wave outward, leaving a hot, low-density "bubble" in the center. This lowdensity "bubble" expands to a given size (depending on the amount of energy deposited in the air) and then stops, as the sonic shockwave continues outward and weakens. 27 ] Figure 5 shows the addition of approximately 10's of mJ into the flow with a 10ns IR pulse. The expansion of the resultant spherical shockwave is observed, as it is advected downstream. The low-density "bubble" can be seen to keep its effectively-constant radius, as the weakening sonic shockwave continues to expand. This low-density "bubble" is the spherical analogue to the cylindrical low-density "tube/core" generated when energy is deposited along a line, as quantified by Plooster. Figure 6 shows the same geometry with a spherical windtunnel model placed in the flow, behind the energydeposition. Superimposed on the schlieren images, the pressure distribution is shown as the laser-induced spherical expansion interacts with the model's shockwave. Using the model's surface as the zero-axis, the "circular" line in front of the model is the baseline surface pressure (measured during undisturbed flow). The other line is the surface pressure measured at the time the photograph was taken. These three frames demonstrate a momentary pressure reduction, as the low-density, laser-heated "bubble" streams past the pressure ports at the model's surface. Figure 7 shows the time-evolution of the pressure at the model's stagnation point (the point with the greatest pressure fluctuation). As the low-density "bubble" interacts with the model and its shockwave, a rise in pressure is seen as the high-density of the expanding shockwave first interacts with the model's shockwave and pressure sensors. The pressure dip then results as the low-density "bubble" follows. This results in the outward plume in Figure 6 , which then perturbs the rest of the bow shock structure, and Adelgren et al 27 's results demonstrate the straightforward nature of the laser-heated gas interaction with a supersonic object's bow shock and flow field.
III. Heating/Shockwave Interactions: Past Work
To investigate the more effective cylindrical geometry, PM&AM Research performed some exploratory experimental work to assess what will be needed in wind tunnel experiments, and we also performed analytical calculations and numerical simulations on a shock-tube geometry with a normal shock impinging on various lowdensity geometries. These considerations indicated the great advantage of employing a tube-shaped geometry. A given amount of energy was deposited either at a point ahead of the shock wave, or along a line ahead of the same shock wave (oriented in the direction of the shock wave's propagation). The point heating resulted in some mixing of the gas, and the overall impact on the shock was minimal. In terms of a supersonic vehicle, very little air is pushed out of a vehicle's path with a "point-heating" geometry. Nearly half of the gas expands toward the vehicle and impinges "head-on" with the vehicle's shock wave, while the other half moves away from the vehicle, only to be "caught up to" and absorbed by the vehicle's shock wave. In contrast, for the case of sudden line heating, nearly all of the cylindrically expanding gas is pushed laterally out of the way of the vehicle's path (or at least off of its stagnation line). The vehicle is observed to travel preferentially along the low-density tube, enjoying a long-lived reduction in temperature, pressure, and density at the leading edge and along the vehicle's front surface as a whole. Furthermore, when the gas is moved to the side before the vehicle encounters it, then instead of being accelerating by the vehicle forward and laterally, the gas instead is in a position to be recirculated behind the vehicle. This recirculation repressurizes the otherwise evacuated base, thereby not only removing base drag, but also providing a higher-density medium from which the propulsion system can push, thereby dramatically enhancing the propulsive effectiveness. These dynamics are depicted in Figure 8 , and a parametric study of the dramatic drag reduction and energy savings are reported in the accompanying paper in this compendium, as well as in references 17, 18 . Once a vehicle has fully exploited a heated path (core), another impulsively heated path can be created, resulting in a repetition rate based on the vehicle's size and speed, as well as the length of the heated core and any unheated space that is allowed to remain between the successive cores.
IV. Electromagnetic Heating/Propagation Through Air
Our proposed technology depends critically on coupling electromagnetic energy into air in a precisely defined, extended geometry ahead of a vehicle's shockwave. Laser "discharges" or "sparks" have been researched since the 1960's with great success. Scaling relations have been obtained for various wavelengths (Williams et al.) 28 , and contributing mechanisms such as dust (Lencioni) 29 and carrier-diffusion (Tambay et al.) 30 have also been identified. For our application, however, we require more than simply a spark in the air. We require a well-controlled extended swath of air to be heated as efficiently as possible. These methods can still be optimized, and one of our primary interests is the ionization and energy-deposition resulting from laser pulses propagating through the atmosphere.
A benefit of using UV wavelengths is controllable ionization and energy-deposition. Many researchers have deposited energy into air using IR lasers, which also has its merits. One of the benefits is the great range of available IR laser-amplifier materials, another is the capability of intense heating and ionization. Conversely, the significantly greater amount of secondary light, created by the IR-absorption, results in less energy available to heat the air.
When comparing UV and IR laser-induced ionization, the actual mechanisms are quite different. One main difference is that the higher frequency of the UV light allows it to penetrate a greater range of plasmas. This occurs because, in order to not be reflected by an ionized gas, a laser's frequency must exceed the plasma frequency of the ionization. Therefore, once a (low frequency) IR laser starts to ionize a gas, it is not long before it is strongly reflected, scattered, and absorbed by the plasma it has just created. The result is, generally, either a single ionized spot, which prevents the remaining energy in the pulse from propagating forward, or a series of plasma "beads" along the path of the pulse 31, 38 . In the case of a single ionized spot, a general elongation can result along the pulse path due to a variety of mechanisms associated with a laser-driven detonation wave, which propagates backward toward the laser (Hughes) 32 . This detonation wave can propagate at speeds of 10 5 m/sec (Bufetov et al. 33 , Borghese et al. 34 ., Sobral et al. 35 , Vigliano et al. 36 ), making it a candidate-method to create an extended hot path ahead of a vehicle. Unfortunately, we have only seen reports of relatively short paths (on the order of centimeters), which would, at best, only be good for applications much smaller than currently conceivable. The IR-induced formation of a series of plasma beads, however, has been observed over several meters (Shindo et al.) 37 , and even this "dotted" line may serve as an approximation to generating our required "extended hot path".
Another difference in the ionization mechanism of IR vs. UV radiation is the competition between "avalanche" or "cascade" ionization and multi-photon ionization. Rambo, Bazelyan et al. 38 , Hughes, and Schwarz et al. 39 all agree in their treatment of this difference. The result of their analyses is that shorter wavelengths, shorter pulses, and lower-pressure gas all encourage multi-photon ionization, whereas, longer wavelengths, longer pulses, and higher gas pressures encourage cascade ionization. Cascade ionization occurs in the presence of high photon densities, through inverse bremsstrahlung. This process is assisted by a gas atom/molecule and accelerates an electron forward, after it absorbs the momentum of a laser photon. The momentum build-up of the free electron continues until it has enough kinetic energy to impact-ionize another electron bound to a gas atom/molecule. This results in two electrons now absorbing photons and building up their kinetic energy. Continuing these dynamics, a single electron can multiply itself many times, as long as it has sufficient photons, sufficient gas molecules to interact with, and sufficient time for the many steps involved. An estimate of the threshold intensity needed to achieve breakdown in this fashion is:
where  eff is the effective rate of momentum transfer between an electron and a gas particle (proportional to the gas pressure);  is the laser frequency; and  p is the pulse width. It is apparent that I th is lower for lower laser frequencies, higher pressures, and longer pulse lengths.
In the case of multi-photon ionization, a higher-order collision takes place among a non-ionized gas atom/molecule, and n photons (enough to supply the ionization energy). As an example, the first ionization potential of molecular Nitrogen is 15.5eV, while 248nm KrF radiation has a photon energy h of 5 eV. Since at least 4 such photons are needed to provide 15.5eV, the ionization is considered to be a 4-photon process (i.e. n=4). For 1.06 m photons, h=1.165eV, resulting in n=13, and for 10.6 m photons, h=0.1165eV, resulting in an n=134 photon process (an extremely unlikely collision). An additional rule of thumb can be used to indicate the pulse lengths, for which multi-photon ionization will be dominant:
This implies that at atmospheric pressure,  p should be below 100ps for multi-photon ionization to be dominant (Rambo) 40 , while longer pulses with more energy can be used at lower pressures (higher altitudes). As discussed earlier, the cascade ionization occurring in a long IR pulse will strongly reflect and scatter most of the light in the pulse. For a UV pulse, the ionized region can remain relatively transparent to the pulse, and an extended region of gas can be ionized. In fact, a region centered around a system's optical focus can be ionized, extending one "Rayleigh range" (z R ) 41 in either direction, where:
where  o is the beam waist (minimum focal spot width), f is the lens focal length, d is the lens diameter, and  is the laser wavelength. Using f=1m and 1.5m lenses, Rambo 42 was able to ionize extended paths of several cm. Using negative optics to decrease the lens f/#, it was possible to obtain an ionized channel of 2*z R =24cm in length 43 . Comparing the energies required by the two different ionization mechanisms, we see that short UV pulses are much more efficient/effective at creating a conductive path. Using 248nm radiation to create a 1cm 2 diameter, 1-meter long channel of air, ionized to 10 13 e -/cm 3 , only requires 2.4mJ of pulse energy. On the other hand, if the plasma reflection problem could be circumvented, and an IR laser could be used to ionize the same channel, it would do so almost fully (2.7x10 19 e -/cm 3 ) and require approximately 6.4J of pulse energy. Using this full amount of energy from a laser is very expensive, due to the generally inefficient conversion of electricity to laser light. If, instead, a laser filament is created in the air, which couples energy into the gas to open a very small diameter lowdensity channel, this low-density channel can then be used to conduct a high-energy electric discharge, which will couple its energy into the air far more effectively than a laser. The energy emitted by the electric discharge is also more cheaply generated than that emitted by a laser. To mix and match the most useful elements of each deposition method, we note that Tyagi et al. 44 have shown enhanced ionization of air, by 1.06m laser pulses, in the presence of pre-ionization. One possible exploitation of this phenomenon is to couple the IR radiation strategically in the air, using the ionization from a UV seed laser to dictate where the IR energy-deposition takes place. To facilitate the process, the UV light may be generated as a harmonic of the IR light. Beyond the ionization generated by the laser pulse being electrically conductive, it has great significance, in that it also couples energy to the air and generates a low-density channel. In this low-density channel, charges can be more easily accelerated, leading to much easier formation of electrical discharges along the path of the ionizing laser pulse. The short timescales involved also increase the facilitating effects that metastable species, such as metastable oxygen, can have in forming the electric discharge. A potential alternative method of coupling lower-cost energy into a pre-ionized and ensuingly rarefied region of gas is the use of microwave energy. This study of this coupling is currently in its early stages.
The main development in laser pulse technology, which significantly broadens our options for heating an extended path, is that of filament formation. Filaments have been investigated by a number of researchers (Braun et al. 45 , Brodeur et al. 46 , La Fontaine et al. 47 , Mlejnek et al.
48
, Woeste et al. 49 ), and most of this work has been on IR filaments. UV filaments have been suggested to overcome/complement many of the shortcomings of using IR wavelengths. According to Brodeur and the theory of Schwarz 50 , the UV filaments can be kilometers in length, can contain several Joules of energy, have radii of approximately 100 m, and ionize the gas between 1x10 12 e -/cm 3 and 1x10 16 e -/cm 3 . In contrast, the IR filaments can not contain more than a few mJ of energy, and once this energy is depleted (through the losses of propagation), the filament breaks up and diffracts very strongly. Brodeur has suggested, and it has later been shown through simulations, that much of the filament energy is intermittently moved to a larger penumbral diameter of 1mm, as it diffracts off of the more highly ionized inner core. This light remains as a reservoir for the formation of new filaments as the earlier filaments break up.
Comparing UV and IR, UV filaments have been shown to lose approximately 40J/m, and yield approximately 2x10 15 e -/cm 3 ionization 39, 40, 50 . This has been reported to be 20 times greater than the ionization measured in IR filaments, resulting in a 20-fold increase in conductivity. Another advantage is that the UV filaments do not lose energy through "conical emission" of light, and therefore use their energy more efficiently to ionize and heat the gas, which translates to more efficient formation of the small low-density tubes that facilitate formation of the electric discharge. Theoretical results are shown in Figure 9 , demonstrating an oscillatory exchange, over lengthscales of meters, between the field intensity and the ionization. These oscillations take place within an envelope that can extend for kilometers, given sufficient initial energy and pulse width. In both Figure 9 and Figure 10 , the vertical scale is in m, and the horizontal scale is in meters. The lines in Figure 10 , which represent the filament boundaries for 160MW of initial power, show effectively no spread of the beam and the predictions of this model agree well with experiment 50 . The similarity to the IR filaments, in the oscillation between ionization and photon density suggests potentially interesting interactions among filament arrays. In this case, the individual "penumbral" fields would overlap, allowing cross-talk or energy exchange between the arrayed filaments. Such an array would be created by constructing the initial beam profile, to have local intensity maxima at certain points to nucleate filaments. An array of meter-long filaments would be an effective way to deposit energy in a very concentrated and controlled fashion. One possibility of coupling the two would be to use a UV filament array to serve as a waveguide for IR light. The IR light intensity could be lower than otherwise necessary to ionize the gas, however the ionized region between the UV filaments would help couple the IR radiation to the gas 44 . This would allow efficient coupling of the IR radiation to the gas, without the otherwise necessary high field intensities. Such a complementary approach could mitigate the (typically too strong) IR ionization and associated wasteful bright light generation. The low-density channels created by the UV filaments could also more effectively guide the IR light.
The method, onwhich we have initially focused, of cost-effectively scaling up heat deposition is to use the lowdensity region, generated by a laser-ionized swath of gas or filaments, to nucleate and guide an electric discharge. Figure 11 . A laser-initiated/guided electric discharge across 30cm. The ionizing UV laser pulse is sent through the hole of the bottom electrode, through the hole of the top electrode 40 
.
This was performed by directing an 80mJ, 1ps laser pulse through two toroidal electrodes to create an ionized path between them. The electrodes were kept at a voltage, below their regular discharge voltage, and when the laser-ionized path generated a low-density path between them, it nucleated a discharge and guided it in a straight line ( Figure 11 ). This precursor laser pulse was able to reduce the threshold breakdown voltage by 25-50% (which is normally on the order of 20-30kV/cm at sea level). The enhanced breakdown results from a number of mechanisms, with the primary benefit deriving from the small low-density region/tube opened up by the small amount of energy that is deposited by the laser pulse itself 25 . Longer filament-initiated/guided discharges have been demonstrated by other goups, with an intermediate length of 2m being generated by the Teramobile group 51, 52 , as shown in Figure 12 . Figure 12 . Left-an unguided electric discharge, demonstrates an erratic path; Right-a guided electric discharge demonstrates a very straight path 51, 52 We have also generated electric discharges ( Figure 14) by connecting multiple paths, generated by multiple laser pulses, as shown in Figure 13 . 
V. Aerodynamics Window for Consistent Filament Generation over Entire Flight Profile
To further approach practical implementation of this technology on real platforms, filamenting lasers were propagated through an aerodynamic window. Aerodynamic windows have historically been used to "separate" two regions, between which high intensity laser energy must propagate. This is required if the laser intensity is sufficiently high that the energy cannot pass through a solid window without catastrophic disruption of both window and beam. Instead of separating the distinct regions with a solid window, an aerodynamic window separates them with a transverse stream of air. High pressure air is expanded through a nozzle/throat to create a shock and rarefaction wave on either side of the window. This sets up a strong pressure gradient across the window (transverse to the direction of flow. If the respective high and low pressures are matched to the external pressures on either side of the window, little to no flow will occur across or into/from the window if small holes are drilled to allow a laser pulse to pass through. (see Figure 15 ). Using an aerodynamic window allows a clean separation between an energy discharge device and arbitrary external atmospheric conditions. This can range from stationary applications at sea level to supersonic/hypersonic applications at various altitudes. In fact, the flow within the aerodynamic window can be adjusted to accommodate changing external conditions (e.g. external pressure variations due to altitude and vehicle speed/geometry).
In our demonstrations, filaments were formed by a pulse propagating from the vacuum side of the aerodynamic window ( Figure 15 ) into the ambient atmosphere. They have also been propagated from atmosphere through the turbulent/shocked flow inside the aerodynamic window into a range of pressures from 4 torr to 80 torr. In these low pressures, the filament defocused and exited the low pressure chamber through a solid window. It was then reported to regenerate into a filament under atmospheric conditions. These geometries demonstrated the robust nature of UV filaments, eliminating concerns that they are too fragile to implement in and deploy from any range of platforms, including supersonic/hypersonic applications.
VI. Microwave Coupling to Laser Plasmas
Similar to our technique to couple electric discharges into laser plasmas, as a cost-effective method of depositing larger amounts of "lower-cost" energy into air, microwave energy is also more cost-effective than laserenergy, and can similarly serve as a cost-effective method to increase the energy deposited into the air along the plasma geometries set up by a laser. Two related advantages of using microwaves to more efficiently couple energy into the air via a laser-generated plasma are: i) it is not necessary to close a circuit to couple the energy; ii) the energy can be deposited with a stand-off, which can be beneficial at higher speeds. Combining multiple energydeposition techniques can provide yet greater flexibility, including laser pulses and/or filaments at various wavelengths, electric discharges, microwave pulses, and/or electron beams, among others. Some notional coupling geometries and results are reported by Ikeda 53 , and we are also exploring the details of coupling short microwave pulses to laser plasmas and filaments.
VII. Timing, Hardware, and Latencies
For the various individual mechanisms that occur in succession, in order to achieve the desired aerodynamic benefits, Table 1 summarizes notional timescales involved in each step to provide the appropriate context, within which to consider the response times of any sensors and electronics used in the overall system. In the table, the two mitigating mechanisms of thermal diffusion and thermal buoyancy are indicated, compared to the regimes in which they dominate. For the very small "tubes" created by the filament itself (which enable the electric discharge to form), thermal diffusion is the fastest mechanism working to erase the hot, low-density tube. In this case, the tubes survive over timescales longer than the few microseconds required to form the electric discharge. For the larger "tubes" created by the large amount of energy deposited by an electric discharge, thermal diffusion (which acts at the interface of the low-and high-density gas defining the tube) is negligible, with the governing mechanism disrupting the tube being thermal buoyancy and instabilities, which does not significantly impact the tube for milliseconds, which is ample time for even the slowest vehicles to propagate through the tube. The timescale required to actually open the tube is also estimated, and it is sufficiently fast for the tube to be open in sufficient time for even the fastest vehicle to gain the benefit of flying through it. Many applications are possible, including flow control through depositing energy at a surface (oftentimes obviating the need for a laser), during which the applicable timescales remain roughly the same. Table 1 does not address the timescale of coupling microwave energy to a laser plasma, since this timescale has yet to be definitively quantified.
Table 1: Fundamental timescales
In discussing various applications, hardware and latencies are important factors to consider, and are indicated here to emphasize their consideration in determining a timing chain for a specific application, since these hardware timescales must be considered (in addition to the fundamental timescales summarized in Table 1 ), in order to perform realistic estimates and build a working system. E.g. in mitigating inlet unstart, the physical timescales are important, however, the sensors, signals, and any processing (which we prefer to obviate by employing purely hardware solutions, when possible) can add latency (in particular, pressure sensors, since the other hardware items are typically faster). Stepping through specific system examples highlights the fast response time of our flow control approaches, compared to other techniques currently available.
VIII. Conclusion
In this paper, we discuss some fine points of depositing energy into the flow, including mechanisms to couple lower-cost electric discharge and/or microwave sources. A number of details are addressed to help provide a more physical/intuitive understanding of the dynamics and to fuel future development of this broad array of revolutionary technologies to fundamentally transform how we fly.
